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Seasonal fluctuation of Plasmodium falciparum gametocytaemia

Ronald Rosenberg', Richard G. Andre', and Sunchai Ketrangse& 'Department of Entomology, Armed
Forces Research Institute of Medical Sciences and WMalaria Divisin, Ministry of Public Health, Bangkok,
Thailand

Abstract always made at the same times, he was unable to say
Two numerically minor components of Plasmodium precisely what the relationship was. More recently a

falciparum prevalence-gametocytaemia and trophozo- seasonal increase in parasite density and prevalence of
ite densities >99/500 white blood cells-displayed an gametocyte carriers has been noted in northern
annual cycle that reflected the seasonal abundance of Nigeria (MOLINEAUX & GRAMICCIA, 1980) and a
infective Anopheles dirus at a hyperendemic focus in seasonal increase in morbidity in The Gambia
Thailand, even though the gross monthly prevalence (GREENWOOD et al., 1987); at both places there were
for combined ages remained stable. Gametocyte also relatively slight fluctuations in gross prevalence.
prevalence rose more than 300%1o within 30 d after the An increase in numbers of cases without a matching
capture of the dry season's first infective mosquito, increase in prevalence is a paradox most easily
remained at about 8% until the beginning of the resolved by assuming that substantial superinfection
monsoon 7 months later, then fell within 60 d to took place.
about 2%. The number of cases with a high density of Superinfection is an, important component -of
trophozoites behaved similarly. These periodic malaria epidemiology, but one which is difficul- to
fluctuations represented changes in incidence, at least quantify. Naturally acquired immunity to mralaria
half of which appeared to be due to superinfection. greatly mitigates the risk of being ill from the (fisease,Almost 49% of all gametocyte carriers were older than but does not prevent reinfection, which may occur
14 years, but nearly all gametocyte densities >20/500 before parasites from a previous infection have
white blood cells were in children. These observa- disappeared. The greater the ratio of incidence to rate
tions, as well as the calculated efficiency of human of recovery, the greater the chance of superinfection;
infectivity, imply that superinfection of adults may in some hyperendemic communities many children
contribute significantly to transmission in semi- seem to be continuously infected. Above a threshold
immune populations. determined by variables specific to the situation,

increasing incidence no longer increases prevalence,
\ troduction yet there is evidence that it does affect rates of

"*Plamodiwn falciparum is usually first detected in mortality, morbidity, splenomegaly, and parasite
the peripheral circulation of immunologically naive density (MACDONALD, 1951). We have conjectured
humans as trophozoites 7-11 d after a successful that differences in disease patterns between some
sporozoite inoculation. The r umber of parasites Asian and African examples of hyperendemicity are
multiplies exponentially at eaci. 48 h schizogonic due to differences in inoculation rates and size of
cycle, reaching its highest density 5-8 d after initial inocula (ROSENBERG et al., 1990a).
patency. After this asexual peak has subsided, or A hyperendemic community in Tb,_!and had a
about 3 weeks after inoculation, gametocytes, which gross monthly prevalence of P. falciparum infection
until then have been absent. suddenly flood the that was essentially stable (ROSENBERG et al., 1990b),
circulation. Large numbers of these persist for about even though the abundance of infective Anopheles
2 weeks, but thereafter they are relatively rare and dirus, the predominant vector, was seasonal (ROSEN-
show no marked p •dandcityJGARNHAM, 1966; JEF- BERG et al., 1990a). In this zeport we show how
FERY et al., 1959).'•Since gaietocytes are the sexual seasonal oscillations of gametocytaemia and high
stage of malaria and propagate only in the mosquito, trophozoite densities reflected incidence, some of
transmission of the disease is a direct consequence of which may have been due to superinfection, and how
their availabili.y, ,. j, scrc the timing of these oscillations was related to changes

Gametocytes tend to be disproportionrtely scarce in vectorial capacity. We discuss how increased
during inter-epidemic periods (SCHUFFNER, 1938; numbers of gametocyte carriers at the time when
MACDONALD & MAJID, 1931) but particularly infec- vector survival was longest may have influenced
tive during active transmission (RUTLEDGE et al, transmission.
1969). At a hyperendemic focus in East Africa,
WILSON (1936) observed that a sudden increase in
numbers of infective mosquitoes was followed by an Methods
increase in gametocyte prevalence, even though P. Sue
fa"-ipaium trophozoite prevalence remaiaed !aable. The study area, part of Bar. Phluang village, -,a in
He interpreted the rising number of gametocyte south-eastern Thailand. The inhabitants (approx-
carriers as indirectly representing new infections; imately 250) were relatively prosperous cultivators of
because his mosquito and blood collections were not rubber, fruit trees and rice, and seldom left the

settlement. Houses were in or near orchard and scrub,
Correspondence: AFRIMS, APO San Francisco, CA 96346, and intense malaria transmission occurred in the
USA. y -Wage itself, despite the presence in most houses of
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mosquito nets. Almost all malaria was transmitted treateo in the first year with quinine, tetracycline and
during the November-May dry season. About half primaquince and in the second year with
those older than 12 years spent at least one night per mefloquine+suLfadoxine+pyriaethamine and prima-
week duringaly e dry season tapping rubber near the quine. Mefloquine does not affect the viability of
sevillage; tapping was done between midnight and gametocytis present at the time of treatment ordawn, when vector activity, was high (ROSENBEiRG et sporogonic development from them (HARINASUTRA el

a1., i990a). A more detailed description of the al., 1987); nor do sulphonamides and pyrimethamine
topography, demography, and economy of the area is seem to have any gametocidal or sporontocidal
given by RO wEN exa e at al a m1990ba. acivity af concentrations typically found in humans

treated for malaria (SCHOLER ol ale , 19b4ea. Detahe s of
Blood collection and examinat; examination and treatment are given in a previous

Thick and thin blood films were collected for 24 report (ROSENBERG et al., 1989b).consecutive months from nearly all inhabitants; data

were analysed frotm those contributing at least 8 Mosqsito infectomn
specimens per year, 176 people fo the first year and Man-biting Anopheles were collected outdoors from
186 in the second. Thick films were stained with 1900 h to 0450 h for 7 consecutive nights per month
Giemsa's stain and the volume containing 500 white for 2 years by 2-man teams working simultaneously at
blood cells (WBC) was examined at a magnification of each of 2 unchanging sites within the village (RoSEN-
1000h , a procedure requiring about 10-15 a in per BERG et al., 1990a). Collections began the night
slide by a single microscopist; there were approximat- following each month's blood collection. An extraor-Iv 5500 WBCIMM3 of a stained thick blood film dinarv collection was made between 2 and 7 Novem-

(IRosENBERG et al., 1990b). Thick JiIms made in April ber f83. After species identification, Anopheles were
1984 were accidently fixed and no gametcyte rate or dissenluded to determine parity and midgut and salivary
parasite densiaes are available for that month. The gland infection rates. The species of sporozoites found
36% of cases with the highest densities-which con- was determined using indirect fluorescent antibody or
tinned more than 76% of all densities >99t500 WBC- enzyme-hiked immunosorbent assays. In this report
were treated monthly. P. z-tvax was treated with only mosquito infectivity (the presence of sporozoites
chloroquine and primaquine; P. maoriparet was in glands) is considered, and no distinction is made

between sites or hours of capture.

___ -- viuasonly12cases In the first year 5a3% of P. falci 8 infections
included, o were composed solela of, thret, s test in
the second year, the figure was 4r2%. Most gameto-

64-7-_ • yte cases (88'3%) also had trophozoites. In the first

- 2\ [ \ , year 96 cases with gametocytae mia occurred in 65
A S 0 JF / S / \ Ar peop2952 6-9% of the study population), 18 of whom
-- '- .. . gaccounted for 51 al of the cases by being positive, more than once; in the second year, 83 cases occurred

SC inT 65 people, 11 of whom accounted fo c 34-96 of the
Fi sre Mo__El_ Jr-hu•nsklP be[t]een ....) .Pfl _cases. Of gametocytane iras found in the same indi-

n m o rvnce . viduals, only 12 cases in the first year and 8 in the
denstCies second occurred consecutive to each other, suggesting

p-eaec sonf compin.Aril9 tathat many represented fresh rather than recurrent
B 20 tg .ov..ber, 9 infections. Gametocyd e densities ranged from m to

,ollection i ,-epresenced by a risk i -2952 per 500 W BC , orabout 12-t5424 per M M so
!90 198,,4o geometric mean for all ages was 3"8/500 WBC, or

g"• , ý'M about 461rim 3 .
The number of people showing P. falcipanan

FTburle M1 eaonral p between (A) prevalence of Plasmoduma gametocytes i their blood increased more than 300%
fakipartan gametoctes, (B W prevalence ofnP. falcilw trophozote each December (Figure, A) or within 30 d after
densities >99.(509 white blood cells, and (C) inoculation rate byAnopheirt dwwu (infected bites per man-night); gross P_ falciparum catching the first infective mosquito of the transmis-

prevalence pD) arisown age grison. April 19s 4 data for A and sion0 season (Figure, g. The number of gametocyte
B are tmssin; inoculation rate during extraordcn ry November, 1983 carrers remained high throughout the dry months,
collection is presented by asterisk (*e. November to May, but then steeply declined soon

Tale 1. Seasonal distribution by age of Plasmodium falciparE gametocyte carriers

Wet season jlune.-October) Dry season (November-May)
Agc gioup' Year I Ycai 2 Tota Y=- ! Year 2 Tota.1

-- 14 years 5-7% (263)b 0.9% ý216) 3-6% (479) 12-0%/ (366) 6'7% (432) 9-2% (798)
> 14 years 0-8% (509) 1-3% (462) 1I0% (971) 53% (617) 10"0% (907) 8"1% (1524)
Total 2-5% (772) 1-2% (678) 1 -9% (1450) 7-8% (983) 9 -0% f(,13 39) 8-9% (2322)

'ALI1 comparisons wit~hin age groups are significan! (t IeSt, P<0-05), except for age group > 14 years in wet season; all comparisons
between ag groups are signidicant (t test, P<0-05), except for totals in dry season.

'Numlbers• in parentheses an numnbers• of specimens examined including, negative slides.
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after the last infective mosquito was found, about the If it is assumed that vectorial capacity (C) (GARRET-
time the annual monsoon began (Figure, A). A JONES & SHIDRAWI, 1969) is unchanging, then the
disproportionately high number of gametocyte car- prevalence of infective mosquitoes (y) needed to
tiers (G=7-4, P<0"01; SOKAL & ROHLF, 1981) was account for a given inoculation rate (h') can be
found between November and May (Table 1); estimated from y=h'/C (DIETZ et al., 1974).This has
gametocyte densities were also higher ther. been done in Table 2 for both dry seasons using C

Persons aged more than 14 years comprised 67% of calculated from the mean observed parous rate of An.
the population and harboured 49% of the gametocy- dire (RoSENBERG et al., 1990a) and from its 95%
taemias; but 84-6% of gametocyte densities >20/ confidence limits (MEILLON et al., 1967). A compari-
500 WBC were in those aged 14 years or less. Dry son of the observed gametocyte prevalences of 0-076
season prevalence was 2-6 times higher than wet in the first year and 0'065 in the second with the range
season prevalence in children, compared to 8-0 times of calculated human infectiousness (Table 2) suggests
higher in those over 14 years old, a relationship that a high level of gametocyte infectivity. If daily
has also been found in Nigeria (MOLINEAUX & mosquito survival is assumed to have been at the
GRAMICCIA, 1980), and which may reflect more upper end of the confidence limit-only slightly greater
conscientious treatment of children. The second year than that calculated from mean parity-and the
the inoculation rate fell to about one-third of that in infectiousness of people with negative blood films ;s
the first year (ROSENBERG et al., 1990a), and the disregarded, then infectivity was nearly 68% in the
percentage of the population aged 14 years or less first year and 60% in the second. Lower survival rates
carrying gametocytes decreased significantly would require higher, and increasingly unlikely,
(G=4-53, P<0-05), but the proportion of those over efficiency of transmission (COVELL, 1960).
14 years who were carriers increased (Table 1). This The prevalence of P. faicipaum trophozoite densi-
suggests that those over 14 years of age were also ties higher than 996500 WBC (about 1200/mm 3)
acquiring infections at some place where the risk was showed a seasonal pattern similar to that of gametocy-
greater than in their homes. taemia: only 5-8% of high densities occurred during

the rainy season (Figure, B). Of the 103 densities
>99/500 WBC, 36 1% were in people not patent for

Table 2. Observed prevaleaces of nfecied humans compared with P. falciparman during the preceding month and 14-6%
theoretical prevalcaces calculated from parous rates and their 95% followed parasitaemias also >99/500 WBC, suggest-
coahfdece limits' ing that at least the remaining half of the high

densities resulted from superinfection. For all ages
yewIYear 2 combined, densities < 1006500 WHC comprised 93%

Parous (%) 0-70 (0-65--74: 0-58 (053--0"63) of all P. falciparma infections (ROSENBERG et al.,
Daily survival (p) 0-89 (0-87-0-91) 083 (081-086) 1990b) and did not have a seasonal pattern, although
Vectorial capaity (C7 1'28 )0-79-1.92) 0-48 (0.29-0-79) they appeared somewhat more variable during the wet
Infective prevalence ýy) 0.078 (0-13-0-05V 0-063 (0"10-0"04) season (Figure, D). Children below 10 years of age,
Observed gametocyte prevalence 0076 0-065 however, had monthly P. fakqransm trophozoite

"Piamnwdu fakipantm and P svtax combined; p=pa,'ous''. prevalences significantly higher than those of adults
C=(ma)ap,-ln p; y=h'.'C. during 3 sustained periods: June-August 1983,

"N.ovember-May, 1983; man-biting rate ý.ma)= 1-93; inoculation rate February-March 1984, and February-April, 1985
(h'J=0-10: assumed biting frequency (a)=033; days between blood (Table 3). The inoculation rates before June 1983 are
meals (*=-3. unknown, but February was a month of high trans-

'December-May, 1984: man-biting rate (0a)=2"33; inoculation rate
(h')=0"03; assumed biting frequency (f)=0"33; days between blood mNsPsion ia both years (Figure, w a n
melis (01,=3. No P. zivax periodicity was apparent in either

Numbers in parentheses aret 2 standard errors for the parous rates, gametocytaemia or high densities at any age. Over 24
or are calculated from these two values for tie other quantities. months, 48 infections with P. vivax gametocytes

Table 3. Seasonal fluctuation of prevalence of Plasmodium falciparuni asexual forms by age

Year 1 (1983-1984) Year 2 (1984-1985)
Month <10 years Ž10 years Difference' <10 years Ž10 years Difference'

Jun. 57"6 37-3 20'3' 63-6 60-5 3-1
Jul. 67-6 41-9 25 "7b 48-6 38"9 9"7
Aug. 45"9 30'8 15'1 50"0 40-8 9-2
Sep. 45-9 36-4 9'5 44.1 27-2 16W9
Oct. 43"2 31-6 11-6 48-6 43"4 5-2
Nov. 27-8 30.0 -2-2 43-8 38-4 5"4
Dec. 36-1 29-8 6-3 43-6 34-7 8"9
Jan. 27-5 35-1 -7-6 40-0 40-6 -0-6
Feb. 57-1 24-4 60"0 33-1 269-
Mar. 44-1 27-1 1 7 "0 b 56"1 38-2 17"9b
Apr. - - - 40'0 25-0 15.0
May 48-4 37-9 105 41 0 382 2"8
'Adult prevalence subtracted from child prevalence.
bDifference greater than expected (X2 test, P<005).
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occurred among 40 people. Gross P. vivax prevalence was once presumed to be insignificant (MACDONALD,
dropped from 12"8% in the first year to 7"2% in the 1951), but it has been proved that even sub-patent
second; 93"8% of blood films containing gametocytes infections can infect mosquitoes (COVELL, 1960).
also included trophozoites. Gametocvte densities Except for the 13% of the population aged below 5
ranged from 1 to 75/500 WBC (median=2"5). years, game-ocyte densities at Ban Phluang were the

same in all age groups (ROSENBERG et aL, 1989b) and
Discussion it seems probable that, as in Africa (MLrIRHEAD-

The perennial, monsoon-generated cycle of malaria THOMSON, 1957), the proportionately large number
incidence at Ban Phluang was more evident in the of semi-immunes played a crucial part in transmis-
seasonal fluctuation of high krophozoite densities and sion. The actual efficiency of human infectivity was
of gametocyte prevalence than in the commonly used unlikely to have been as high as we calculated using
index of gross parasite prevalence. We observed a the Dietz-Molineaux-Thomas model (Table 2); con-
temporal relationship between transmission, high sidering the large number of approximations used and
densities, and gametocytwemia ýhat was consistent the relatively small sample sizes, it may be that thc
with the known biology of P. faliparum. WILSON validity of the equation cannot be evaluated without
(1936) interpreted his African data as showing that feeding uninfected mosquitoes on a representative
gametocyte prevalence peaked after transmission had sample of the population.
stopped, leading him to conclude that the 2 events Each year transmission began during the last weeks
were only indirectly related; he may have been misled of the annual monsoon as unknown factors, ,irobably
by inconsistencies in his study design, as his collection micro-climatic, suddenly began to favour lrolonged
of mosquitoes and blood data were neither synchro- survival of the vector (RoSENBERG et al., l'90a). For
nized nor always regular, making precise alignment of a period of less than 30 d high su. vival rates
cause and effect difficult. Nonetheless, the pattern we coincided with high adult emergence, causing an
observed in Thailand was strikingly similar to that explosive increase in vectorial capacity. At that initial
which WILSON (1936) described for Tanzania 50 years point gametocyte prevalence was low, but so presum-
earlier; the similarity is all the more remarkable as the ably was immunity to reinfection. The great rapidity
2 sites have virtually no features in common other with which gametocytes and high densities ascended
than seasonally intense transmission. to something of a plateau suggests that incidence also

Except in infants, reinfection and superinfection rapidly rose and levelled. This implies that the basic
accounted for all malaria incidence at Ban Phluang. reproductive rate was high and that the susceptible
Differentiating between reinfection and superinfect- population was sufficiently large to provide the critical
ion is problematical when low densities make the size necessary to maintain a stable prevalence (ARON
identification of cases uncertain (EARLE et al., 1939; & MAY, 1980). To what extent increased gametocy-
MILLER, 1958), but it appears that at least half of the togenesis enhanced transmission after mosquito sur-
densities >99/500 WBC were superimposed on cur- vival improved is unclear. but the large drop in
rent, low-level infections. One effect of superinfection vectorial capacity after the initial increase (ROSEN-
should be to decrease the recovery rate (ARON & BERG et al., 1990a) did not lower gametocyte preva-
MAY, 1980), explaining why prevalence remains high lence, suggesting that compensation occurred.
during brief periods of low transmission. Superinfec-
tion also explains why at least some incidence was Acknowledgements
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